Introduction
The Mediterranean Basin has suffered through several severe droughts in recent decades (e.g. Adjez, 2000; Chbouki, 1992; Cook et al., 2016; Isendahl and Schmidt, 2006; Nicholson and Wigley, 1984; Swearingen, 1992; Touchan et al., 2008a Touchan et al., , 2011 . Such events often have drastic social and economic impacts, particularly in North Africa (NA) where freshwater and surface water supplies are extremely limited (Isendahl and Schmidt, 2006) and climate variability is an important influence on food security and political stability (Meyers, 1981; Schilling et al., 2012; Swearingen, 1992) . The 1980 The -1985 in Morocco resulted in a 1.5% drop in the country's Gross National Product and a 2% drop in industrial production (Berrada, 1982) , while river flow decreased 50-90% (Chbouki, 1992) and many natural lakes became completely dry (Belkheiri et al., 1987) . In 1945, a severe drought in NA devastated agriculture there (Swearingen, 1988 (Swearingen, , 1992 , killed half of the sheep flock in Morocco (Hazell, 2000) , and resulted in widespread regional famine (Kassoul and Maougal, 2006) . The 1999-2002 drought across NA was by some metrics the worst short-term event since at least the middle of the 15th century (Masih et al., 2014; Touchan et al., 2008a Touchan et al., , 2011 . And while drought is a reoccurring feature of the last century in the western Mediterranean (WM), of even greater concern for water resources is that climate models consistently project future long-term drying in the Mediterranean because of increased greenhouse gas forcing over the course of the next century (Collins et al., 2013; Cook et al., 2014; Giorgi and Lionello, 2008; Seager et al., 2014) . This is linked to both a future decline in winter rainfall as well as an increase in temperatures and evaporative demand (Cook et al., 2014; Scheff and Frierson, 2015; Zappa et al., 2015) .
Improved knowledge and understanding of the full range of past hydroclimatic variability over WM is critical for improved understanding of factors driving that variability, assessing the representation of low-frequency climate variability in general circulation models (GCMs), and placing current hydroclimate conditions in a long-term context (Cook et al., 2016; Touchan et al., 2008a Touchan et al., , 2011 . A few continuous high-quality instrumental data series in NA start in the early 1900s, but the majority of instrumental observations cover only the latter half of the 20th century (Hoerling et al., 2012) . Proxy records, such as tree rings, allow for the development of quantitative and validated paleoclimate drought reconstructions to assist in understanding climate variability on time scales beyond that of the instrumental data (Fritts, 1976) . While a systematic analysis of the seasonal climate signal in tree-ring records from the eastern Mediterranean showed coherent patterns of response over large regions (e.g. Touchan et al., 2014) , the climate signal for a range of tree species over the broader Mediterranean region has until now not been characterized.
Here, we describe and analyze a network of tree-ring chronologies in the WM (32°Ν-43°N, 10°W-17° E) collected and developed over the period from 2002 to 2015. We analyze the climate signal embedded in this network as a necessary step prior to its application to the study of long-term climate variability, the association between regional climate and atmosphere-ocean circulation, and the ability of GCMs to reproduce important drought-related features of regional climate. The objective of the analysis is to guide and refine paleoclimate reconstruction protocols, including the selection of appropriate target reconstruction and climate models fields, all with the larger goal of understanding Mediterranean climate variability at interannual to centennial scales, providing out-of-sample assessment of GCMs, and evaluating the myriad interacting influences on WM droughts. Our analysis also provides insight into how climate controls forest growth and productivity in the region (e.g. Babst et al., 2013; Vicente-Serrano et al., 2013) .
Materials and methods

Tree-ring data and chronology development
This study describes the outcome of the first large-scale systematic dendroclimatic sampling focused on developing a network of drought-sensitive chronologies from WM including Morocco, Algeria, and Tunisia, with additional new sites from southeastern Spain, Corsica, and southern Italy. Fieldwork was conducted over the period 2002-2015 and resulted in development of 85 chronologies from 86 sites (Table 1 and Figure 1 ). Samples were collected from species previously shown to form annual rings (Cherubini et al., 2003; Choury et al., 2016; Touchan and Hughes, 1999; Touchan et al., 2005 Touchan et al., , 2008a Touchan et al., , 2008b Touchan et al., , 2011 . Increment cores and full cross sections from stumps were taken from cedar, oak, and pine species (Table 1) . Samples were surfaced and cross-dated following standard dendrochronological techniques (Stokes and Smiley, 1968) . The width of each annual ring on the cores and cross-sections was measured to the nearest 0.01 mm using a VELMEX measurement system (Velmex Inc., 2016) .
Here, each series of tree-ring width measurements was fit with a '67%N' cubic smoothing spline (frequency response 0.50 at a wavelength 2/3 the sample length) to remove non-climatic trends due to age, size, and the effects of stand dynamics (Cook and Kairiukstis, 1990 ). The detrended series were then pre-whitened with low-order autoregressive models to remove persistence not related to climatic variations. The individual residual indices were combined into single averaged chronologies for each combination of site and species using a bi-weight robust estimate of the mean (Cook and Holmes, 1999; Cook and Krusic, 2005) .
We used the expressed population signal (EPS), calculated from data on sample size and between-tree correlation, to assess the adequacy of replication of the chronology . The EPS estimates the ability of a finite-sample to approximate the true, unknown, population tree-ring signal at the site. Following recommended guidelines (Cook and Kairiukstis, 1990; Wigley et al., 1984) , we judged a chronology as adequately sampled for use in climatic reconstruction (e.g. precipitation and drought index) if the chronology EPS reaches 0.85 before the start of the instrumental climate record.
Observational climate data
Previous analyses have shown that tree growth in the WM is controlled by soil moisture and precipitation (Aloui, 1982; Aloui and Serre-Bachet, 1987; Camarero et al., 2013; Chbouki, 1992; Chbouki et al., 1995; Esper et al., 2007; Linares et al., 2011; Messaoudene and Tessier, 1997; Safar et al., 1992; Serre-Bachet, 1969; Slimani et al., 2014; Tessier et al., 1994; Till and Guiot, 1990; Touchan et al., 2008a Touchan et al., , 2008b Touchan et al., , 2011 . We compared our chronology network against the gridded, self-calibrating, Penman-Monteith Palmer Drought Severity Index (PDSI; Van der Schrier et al., 2013) covering 1901-2009 and 1.0° gridded monthly precipitation data from the Global Precipitation Climatology Centre (GPCC; version 6) dataset covering 1901-2010 Schneider et al., 2011 Schneider et al., , 2013 . For temperature data, we used high-resolution 0.5° gridded temperature data from the Climatic Research Unit (CRU) TS3.23 dataset (Harris et al., 2014) covering the period from 1901 to 2014. We also used the North Atlantic Oscillation (NAO) index from Jones et al. (1997) to assess the relationship between our chronologies and largescale North Atlantic climate.
We conducted a site-by-site correlation analysis of each residual ring-width chronology against the nearest gridded climate data using the seasonal correlation (SEASCORR) procedure developed by Meko et al. (2011) with exact simulation (Percival and Constantine, 2006) for significance testing. We used the individual monthly as well as seasonal values by calculating the sum (precipitation) or average (PDSI and temperature) over winter (December-February (DJF)), spring (March-May (MAM)), or the water year (October-June and October-September). We considered a 14-month window starting in the August prior to the growth year and ending in the following September (e.g. Fritts, 1976; Meko et al., 2011; Touchan et al., 2008b) .
In order to assess common signals among our chronologies, we performed a rotated (Varimax; Kaiser, 1958) empirical orthogonal function (EOF) analysis on our network. EOF analysis isolates patterns of covariance in a collection of individual time series into a few leading uncorrelated and orthogonal modes (Jolliffe, 2002; Navarra and Simoncini, 2010) . These mathematical constraints may, however, not accurately reflect the underlying climatic or ecological structure of the network (Monahan et al., 2009) . Relaxation of the orthogonality constraints by rotation of the eigenvectors can allow for identification of 'simple' or localized modes of variability (Richman, 1986) . We performed the EOF analysis over the common period spanned by all chronologies , with each chronology first normalized to a mean of zero and standard deviation of 1. The spatial patterns of the leading rotated EOF (REOF) modes were subsequently analyzed for their association with climate and ocean-atmosphere modes.
Results and discussion
Tree-ring chronologies
Data for individual tree-ring chronologies are summarized in Tables 1 and 2 Figure 2 ). Some difficulty was found in cross-dating some of the Pinus halepensis (PIHA) samples in Algeria and Tunisia because of the incidence of locally absent rings (approximately 3.4% in Tunisia 4.4% in Algeria) and intra-annual boundaries (false rings) at the lower elevation in Tunisia (REM and SAD). Several papers addressed the same difficulties in dating PIHA with false rings in the WM (e.g. Camarero et al., 2010; Cherubini et al., 2003; Choury et al., 2016; De Luis et al., 2011) . Statistical analyses of each chronology are summarized in Table 2 . The mean correlation among individual radii at each site (the interseries correlation) ranges from 0.26 to 0.79. The highest interseries correlation is for the BES site in Algeria and the lowest is for the chronology developed from the TAG site in Southern Italy. The mean sample segment length (MSSL) of all 85 chronologies ranges from 56 to 420 years. Thirty-two percent of these chronologies have an MSSL greater than 200 years in length and several have MSSL exceeding 400 years. Figure 1 shows the distribution of chronologies across the study domain. The network (Figure 1 ) is dominated by Cedrus atlantica (CDAT; n = 41) and PIHA (n = 24) in Morocco, Algeria, and Tunisia. Pinus nigra (PINI; n = 10) was collected in Corsica, Algeria, Southeastern Spain, and Morocco. Other species in our network are represented by fewer than four sites. A major objective of our collection is to obtain the longest possible tree-ring records from living and dead trees in order to investigate climate variability over several centuries or the last millennium. Throughout most of the NA and WM, we have been Table 1 for species codes) and size of the symbols reflects the length of the chronology. able to collect samples that were several hundred years in age. Multicentury mean segment lengths ensure that the series span sufficient time to be adequate for the investigation of multidecadal and centennial climate variability when combined with conservative detrending and standardization (Cook et al., 1995) .
Climate signal
Single month correlations with local precipitation and partial correlations with local temperatures are shown in Figure 3 . In Morocco, tree-ring chronologies are positively correlated with winter through summer (January-July) precipitation. At the seasonal scale (Figure 4) , chronologies in Morocco's High Atlas Mountains reveal both winter (DJF) and spring (MAM) total precipitation and strong and significant correlations with OctoberJune and October-September (water year) total precipitation ( Figure 5 ). These observations are in good agreement with the October-June precipitation reconstruction for Tunisia by Touchan et al. (2008b) and October-September precipitation reconstruction for Morocco (AD 1100 (AD -1977 by Till and Guiot (1990) . In western Morocco, chronologies also reflect a negative response to spring-summer temperatures, likely through evapotranspiration influences on soil moisture, as well as a positive response to winter temperatures. Tree-ring chronologies at lower elevations in Morocco show no coherent or significant association with precipitation at the monthly, seasonal, or water year time scales. In southeastern Spain, PINI and PIHA chronologies have overall weaker correlations, in many cases insignificant, with monthly and seasonal precipitation (Figures 3 and 4) , but over longer time scales, they do have significant positive correlations with integrated water year precipitation (Sánchez-Salguero et al., 2012), albeit weaker than observed for chronologies in Morocco ( Figure 5 ). In Algeria, tree-ring chronologies from CDAT, PIHA, and PINI have a mixed growth response to winter, spring, and summer precipitation (Figures 3 and 4) . The strongest monthly correlations are with spring (March-May) precipitation, with a secondary winter (DJF) signal, particularly in the western mountain regions of Algeria (Slimani et al., 2014) . Touchan et al. (2016) identified January-June total precipitation as the most appropriate seasonal predictand for reconstruction using 10 PIHA chronologies from Algeria. These monthly and seasonal signals integrate to give tree-ring chronologies in Algeria a strong and significant water year precipitation signal ( Figure 5) , with only two exceptions at more coastal sites. Subsets of tree-ring chronologies from northern Algeria have a negative response to December precipitation and a positive correlation with December and January temperatures (Kherchouche et al., 2012) . Sites designated IGI, REA, THT, DJT, RPN, TIG, LMO, and THG are located in the National Park of Djurdjura, KER is located in the National Park of Chréa, and KES and PEP are situated in the National Park of Thniet el Had (see Table 1 ). The first two national parks are near the Mediterranean Sea (about 50 km), within one of the most humid zones in Algeria (Meddi and Toumi, 2013; Meddour, 2010; Touazi and Laborde, 2004) , with a mean annual precipitation around 1500-2000 mm for the massif of Djurdjura (Touazi and Laborde, 2004) and about 1400 mm for Chréa (Halimi, 1980) . Mean annual precipitation in Thniet el Had Park is around 708 mm, and December is the wettest month (Chai and Kerrour, 2015) . The negative response to December precipitation could be because of several possible mechanisms. Low winter soil temperatures associated with wet conditions can reduce absorption of water directly by decreasing the permeability of roots to water and indirectly by increasing the viscosity of water (Gates, 1980; Kozlowski, 1987; Suvanto, 2014) . These responses to low soil temperature are often similar to those induced by soil water deficit (Benzioni and Dunstone, 1988; Vernieri et al., 1991) , and affect productivity at times when soil water normally is not limiting (Pavel and Fereres, 1998). Snow may also play an important role in tree growth, as low air temperature extends bud dormancy and persistent snow cover may delay the onset of growth. This phenomenon is usually more pronounced at high elevations (Holobâcă et al., 2015) . A third mechanism may be via heavy rain, which can cause soil waterlogging which prevents water absorption from the roots, and can lead to root suffocation (Kozlowski, 1987; Kozlowski and Pallardy, 1997; Parent et al., 2008; Stokes, 2000) .
Algerian sites with significant correlations to winter, spring, and summer precipitation also have negative partial correlations with spring and summer (April-August) temperature. Chronologies in Tunisia follow a similar climate response pattern as observed in Algeria, with a broad winter-through-early summer monthly and seasonal response to precipitation (Figures 3 and 4) , and therefore a strong and significant water year integrated climate signal ( Figure 5 ). Exceptions to this pattern in Tunisia are for two Quercus canariensis chronologies and one short coastal PIHA chronology. In Tunisia, as in Algeria and western Morocco, negative partial correlations with spring and summer temperature indicate that the influence of evapotranspiration on soil moisture is an additional control on tree growth. Touchan et al. (2012) used the process-based VS (Vaganov-Shashkin) model to investigate the controls on growth in a PIHA tree-ring chronology. The model simulation revealed that soil moisture was the first order limit on tree growth (approximately 70% of the growth season) with a secondary control by temperature via limitation on growth the earliest part of the growing season (prior to April).
In Southern Italy and Corsica, climate controls on tree growth are weaker than observed in NA, with precipitation correlations largely confined to late spring and early summer (Figure 3 ; Battipaglia et al., 2009; Carrer et al., 2010; Hertze et al., 2014; Todaro et al., 2007) . Winter precipitation correlations at these sites are weak (in some cases negative) and mostly insignificant (Figure 4) . Not surprisingly, this leads to weak and insignificant correlations with integrated water year precipitation ( Figure 5 ).
Our network is dominated by two species, CDAT (n = 41) and PIHA (n = 24). Both species show overall positive associations with winter (DJF) and spring (MAM) precipitation across our network ( Figure 6 ). In both seasons, the precipitation correlation with PIHA is stronger overall; however, CDAT chronologies tend to be longer (Figures 1 and 2 ). The range of climate response observed across our network appears to reflect a combination of both species influences and geography. For instance, although PIHA chronologies have the strongest overall precipitation climate signal across our network, in southeastern Spain, the climate signal in this species is substantially weaker (Figure 4) . While PIHA has a winter (DJF) signal in Tunisia, it has a spring (MAM) precipitation signal in southeastern Spain (Figure 4) .
Patterns of climate correlation of chronologies in the WM are less coherent spatially than those reported for the eastern Mediterranean by Touchan et al. (2014) . In that region, the primary pattern was positive growth response to May-June precipitation. In contrast to the results reported here for the WM, in the eastern Mediterranean, there is an absence of a strong positive growth response to winter precipitation signal at high elevation sites.
A combination of positive correlations between growth and winter-summer precipitation and negative partial correlations with growing season temperatures suggests that chronologies in at least part of the network reflect soil moisture and the integrated effects of precipitation and evapotranspiration. Correlations with May-August PDSI (Touchan et al., 2008a (Touchan et al., , 2008b Van der Schrier et al., 2013) are positive and highly significant particularly in Algeria and Tunisia, as well as western Morocco (Figure  7 ), corresponding to those sites and regions where temperature was negatively correlated to growth (Figure 3) .
At sites with weak precipitation signals, however, in eastern Morocco, Southeastern Spain, Corsica, and Southern Italy, there Figure 3 . Monthly correlations between tree-ring chronologies and local gridded Global Precipitation Climatology Centre (GPCC) v6 (1°) precipitation Schneider et al., 2013) and partial correlations with monthly Climatic Research Unit (CRU) TS3.1 (0.5°) temperature (Harris et al., 2014) . Sites are correlated against the closest grid cell in each dataset and arranged by longitude (westernmost to the left, easternmost to the right). Significant (p < 0.05) single month correlations or partial correlations, as calculated using exact simulation Percival and Constantine, 2006) , are indicated by an 'X' symbol.
is relatively little improvement in correlation statistics compared with precipitation alone (Figure 3 ). These observations confirm earlier research (Cook et al., 2015; Esper et al., 2007; Touchan et al., 2008a Touchan et al., , 2008b Touchan et al., , 2011 ) that demonstrated that tree-ring chronologies in Morocco, Tunisia, and Algeria can be used for climate field reconstructions of PDSI and soil moisture; however, precipitation remains the primary control on tree growth throughout the region (Figures 3-5) . EOF analysis on our network reveals three distinct and interpretable spatial patterns associated with local and largescale climate responses (Figures 8 and 9 ). The first rotated mode of variability in our network is associated with the springprecipitation sensitive chronologies in Algeria and Tunisia that also have the highest correlation with MJJA PDSI. This mode of variability accounts for approximately 25% of the variance in the network. It is similar in both pattern and explained variance to the dominant unrotated mode (EOF1 with ~27% of the total variance), further suggesting that the MJJA PDSI sensitivity is the primary common signal reflected across the full WM network. The second rotated mode of variability loads on those chronologies from eastern Morocco, Southeastern Spain, Corsica, and coastal Algeria that appear to have overall weaker climate signals, but which reflect some negative relationships associated with winter precipitation and positive relationships associated with winter temperature (Figure 3) . It is possible that this mode of variability, therefore, reflects sites where growth is partially inhibited by cold and wet winter conditions (Sánchez-Salguero et al., 2015) . The third rotated mode of variability loads strongly on the High Atlas chronologies of western Morocco and accounts for 6% of the total variance, but is associated with winter precipitation signals and the winter NAO (Figure 9 ). The NAO in western Morocco tree-ring chronologies has been detected or used in earlier works in the WM (Camarero, 2011; Glueck and Stockton, 2001; Touchan et al., 2011; Trouet et al., 2009 ). The spatial pattern of this mode of variability suggests that, although chronologies from Algeria Schneider et al., 2013) . The top panel shows correlation with total winter (December-February) precipitation, while the bottom panel shows correlation with total summer (June-August) precipitation. Chronologies are correlated against the closest grid location in each dataset.
and Tunisia do provide some additional information about winter North Atlantic variability, the western Morocco chronologies that load strongly on the third REOF have the highest correlation with the NAO index are therefore the best predictors for reconstruction of the NAO (Figure 9 ).
Conclusion
This study introduces a quality-controlled multi-species network of tree-ring chronologies for analysis of climate variation in the WM Basin. Chronologies from Morocco, Algeria, Tunisia, Southeastern Spain, Corsica, and Southern Italy have significant statistical relationship with the moisture and thermal regime as summarized by precipitation and temperature records. This attribute, combined with length and sample replication make the network a valuable resource for extension of climate records and documentation of climatic variability in a region predicted by models as highly sensitive to climate change associated with increasing greenhouse gases.
REOF analysis on our network reveals distinct spatial patterns associated with local and large-scale climate sensitivity. The network is dominated by three leading modes of variability. The first mode is associated with the spring-precipitation dominated chronologies in Algeria and Tunisia that also have the highest correlation with MJJA PDSI. The second mode is dominated by chronologies from eastern Morocco, Southeastern Spain, Corsica, and coastal Algeria that appear to have overall weaker climate signals. The third mode differentiates chronologies dominated by a winter precipitation signal, particularly those also associated with NAO variability in the far western portion of the network. Thus, in addition to new drought and precipitation reconstructions for the region, the network presents the opportunity for enhanced and updated tree-ring-based reconstructions of the NAO. Schneider et al., 2013) . The top panel shows correlation with total October-June precipitation, while the bottom panel shows correlation with total October-September precipitation. Chronologies are correlated against the closest grid location. Jones et al. (1997) . The strength of the correlation with NAO is related to the loading score of that chronology on REOF3 (see Figure 8) , indicating that REOF3 reflects the large-scale signal of the NAO within our chronology network.
